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20.  ABSTRACT  (Continued). 

Following  a  recommendation  of  the  August  1979  General  Design  Memorandum,  a 
concrete  cutoff  wall  with  flanking  grout  curtains  was  constructed.  The 
reservoir  has  not  held  appreciable  amounts  of  water  since  completion  of  the 
cutoff  wall,  hence,  to  test  the  effectiveness  of  the  new  remedial  measures,  a 
test  filling  of  the  reservoir  was  scheduled  during  April  and  May  1984. 

—  ^The  objective  of  this  investigation  was  to  monitor  SP  values  over  two 
permanently  installed  electrode  arrays  as  the  reservoir  filling  progressed. 
Array  1  was  installed  from  Station  18+00  to  Station  41+50  along  the  elevation 
1,225-foot  contour  on  the  upstream  face  of  the  dam,  just  downstream  of  the 
location  of  the  cutoff  wall.  Array  2  ties  into  Array  1  at  Station  32+00  and 
proceeds  approximately  perpendicular  to  Array  1  in  the  upstream  direction 
beginning  at  Station  0+00  and  commencing  at  Station  18+00.  For  each  array, 
anomalous  SP  values,  especially  those  which  increase  or  decrease  as  a  function 
of  time,  were  flagged  as  possible  indicators  of  seepage  paths.  A  qualitative 
ranking  scheme  was  developed  to  rank  the  relative  importance  of  detected 
anomalous  zones. j\  The  following  conclusions  were  formed  from  analysis  of  the 
data.  - — 

a.  Two  SP  anomalous  zones  located  along  Array  1  were  rated  highly 
significantly.  These  zones  were  located  between  Station  17+00  and 
Station  18+25  and  between  Station  29+25  and  Station  31+75. 

b.  Two  highly  significant  anomalous  zones  were  interpreted  along  Array  2 
between  Station  3+25  and  Station  3+75  and  between  Station  9+25  and 
Station  10+75. 

c.  Array  1  anomaly  between  Station  29+25  and  Station  31+75  and  Array  2 
anomaly  between  Station  0+25  and  Station  0+75  occur  in  the  vicinity 
where  the  dam  and  the  right  abutment  contact. 

d.  A  poorly  defined  anomaly  was  interpreted  on  Array  1  between 
Station  35+00  and  Station  38+00  and  is  the  only  anomalous  zone 
between  Station  32+00  and  41+50  on  this  array,  hence,  possible 
correlation  of  anomalous  zones  on  Array  2  with  this  section  of 
Array  1  is  not  well  justified. 

£.  The  highly  significant  anomaly  between  Station  17+00  and 

Station  18+25  of  Array  1  apparently  coincides  with  an  area  identified 
by  District  personnel  as  exhibiting  anomalous  piezometer  response  and 
as  the  area  of  the  cutoff  wall  most  likely  to  be  deficient. 
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Preface 


A  geophysical  seepage  detection  study  at  Mill  Creek  Dam,  Walla  Walla, 
Washington,  was  authorized  by  the  U.  S.  Army  Engineer  District,  Walla  Walla, 
under  IAO  No.  86840021,  dated  22  October  1983. 

The  permanent  electrode  self-potential  (SP)  array  was  partially  installed 
during  the  period  9-10  November  1983  by  Dr.  Dwain  K.  Butler  and  Mr.  Ronald  E. 
Wahl  of  the  Earthquake  Engineering  and  Geophysics  Division  (EEGD)  of  the 
Geotechnical  Laboratory  (GL) ,  U.  S.  Army  Engineer  Waterways  Experiment 
Station  (WES).  Mr.  Grady  Williams  of  the  Walla  Walla  District  supervised  the 
completion  of  the  array  installation  and  the  acquisition  of  the  SP  data  during 
April  and  May  1984.  The  data  analysis  phase  of  this  study  was  performed  by 
Dr.  Butler  with  assistance  from  Messrs.  Wahl  and  Michael  K.  Sharp  under  the 
general  supervision  of  Dr.  Arley  G.  Franklin,  Chief,  EEGD,  and  Dr.  William  F. 
Marcuson  III,  Chief,  GL.  This  report  was  written  by  Dr.  Butler. 

COL  Tilford  C.  Creel,  CE,  was  Commander  and  Director  of  WES  during  the 
performance  of  this  investigation  and  the  preparation  of  this  report. 

Mr.  Fred  R.  Brown  was  Technical  Director. 
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Appendix  A:  Geophysical  Methods  for  Seepage  Detection,  Mapping 
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*  Appendices  B-E  are  not  bound  in  this  report.  They  are  on  file  in  the 
Earthquake  Engineering  and  Geophysics  Division,  Geotechnical  Laboratory, 
US  Army  Engineer  Waterways  Experiment  Station,  Vicksburg,  Miss.  39180. 


1.  During  the  period  9-10  November  1983,  personnel  from  the  Earthquake 
Engineering  and  Geophysics  Division,  Geotechnical  Laboratory,  US  Army  Engi¬ 
neer  Waterways  Experiment  Station  (WES),  partially  installed  a  permanent  self¬ 
potential  (SP)  measurement  electrode  array  at  Mill  Creek  Dam,  Walla  Walla, 
Washington.  Also,  Walla  Walla  District  personnel  were  instructed  on  proce¬ 
dures  for  making  the  SP  measurements.  District  personnel  then  completed 
installation  of  the  electrode  array  and  forwarded  measurement  data  to  WES,  as 
acquired  during  an  April-May  1984  test  filling  of  the  reservoir.  This  work 
was  authorized  and  funded  by  Intra-Army  Order  No.  E86840021,  22  October  1983, 
from  Walla  Walla  District,  Corps  of  Engineers. 

2.  Mill  Creek  Dam  and  Reservoir  has  experienced  excessive  loss  of  stored 
water  due  to  seepage  since  its  first  test  filling  in  1941.  The  seepage  pattern 
was  not  altered  by  remedial  measures  attempted  at  various  times  from  1941  to 
1979.  Following  a  recommendation  of  the  August  1979  General  Design  Memorandum, 
a  concrete  cutoff  wall  with  flanking  grout  curtains  was  constructed  approxi¬ 
mately  along  the  upstream  1225-ft*  elevation  contour  of  the  dam.  The  reser¬ 
voir  has  not  held  appreciable  amounts  of  water  since  completion  of  the  cutoff 
wall  (due  both  to  seepage  and  purposefully  not  diverting  water  from  Mill  Creek 
into  the  reservoir) . 

3.  The  objective  of  the  present  study  was  to  monitor  SP  values  over  the 
electrode  array  as  a  function  of  time  before  and  during  the  April-May  1984 
test  filling.  Anomalies  in  the  SP  values,  particularly  those  which  increase 
or  decrease  as  a  function  of  time,  will  be  flagged  as  possible  indicators  of 
seepage  paths.  The  SP  method  will  not  be  discussed  in  detail  in  this  brief 
report;  however,  the  general  strategy  of  geophysical  methodology  for  seepage 
detection,  mapping,  and  monitoring  is  covered  in  Appendix  A.**  Results  from  this 
study  will  be  used  in  conjunction  with  known  geology,  construction  history  and 
details,  and  piezometer  data  in  making  the  final  seepage  assessment  and  plan¬ 
ning  remedial  measures. 


4.  Two  SP  electrode  arrays  were  installed  by  WES  and  Walla  Walla 
District  personnel  as  shown  in  Figure  1.  Array  1  was  installed  from  Station 
18+00  to  Station  41+50  along  the  elevation  1225  ft  contour  on  the  upstream 
face  of  the  dam,  slightly  downstream  of  the  location  of  the  cutoff  wall. 

Array  2  ties  in  to  Array  1  at  Station  32+00  and  proceeds  approximately 
perpendicular  to  Array  1  from  0+00  to  18+00  (separate  stationing  scheme  from 
Array  1).  Electrode  spacing  along  both  arrays  is  50  ft.  A  reference 
electrode  was  located  approximately  1200  ft  east  of  Station  18+00  of  Array  1 
(upstream  of  dam). 

5.  The  field  procedure  consisted  of  measuring  potential  differences 
(voltages)  between  the  reference  electrode  and  each  of  the  Array  1  and  2 
electrodes  using  a  digital  millivoltmeter .  Since  the  SP  arrays  were  to  be 
monitored  over  a  period  of  several  months  involving  numerous  sets  of 
measurements,  a  "permanent"  reference  wire  was  installed  with  connection 
points  for  each  electrode.  A  single  SP  measurement  then  could  be  taken  by 
connecting  the  millivoltmeter  clip  leads  to  the  reference  wire  and  to  the 
electrode.  The  "permanent"  reference  wire  considerably  expedited  the  measure¬ 
ment  process,  and  a  complete  set  of  measurements  could  be  acquired  in 
approximately  one  hour. 

6.  The  objective  of  the  SP  monitoring  arrays  is  to  detect  anomalies, 
relative  to  a  baseline  set  of  readings,  which  can  be  attributed  to  seepage 
paths  under  the  arrays.  An  anomaly  which  increases  or  decreases  as  a  function 
of  time  (or  reservoir  water  level)  during  the  test  filling  is  strongly  indica¬ 
tive  of  changing  seepage  quantities. 

7.  Problems.  Two  major  problems  complicated  the  field  data  collection 
efforts  and  data  processing  and  interpretation  efforts:  (1)  vandalism  and 
vehicle/f occ  traffic  damage  to  the  reference  wire;  (2)  shifts  in  reference 
potential  level  for  the  arrays.  Vandalism  included  theft  of  wire  and  pulling 
electrodes  out  of  the  ground.  Traffic  along  the  face  of  the  dam  resulted  in 
breaks  in  the  reference  wire  and  shorts  caused  by  breaks  in  the  insulation. 
Changes  in  contact  potential  resulting  from  having  to  replace  an  electrode  in 
the  ground  are  not  easily  predictable.  These  were  recurring  problems 
throughout  the  efforts.  There  were  shifts  in  the  reference  or  "zero  level"  of 
the  potential  which  affected  large  segments  of  the  arrays  or  the  complete 


arrays.  Reference  shifts  could  be  caused  by  several  conditions:  (1)  the 
potential  at  the  reference  electrode  could  change;  (2)  changing,  relatively 
uniform  flow  or  seepage  under  large  segments  of  the  arrays  could  cause 
apparent  reference  level  shifts;  (3)  shorts  in  the  reference  wire  could  cause 
apparent  reference  level  shifts  for  segments  of  the  arrays  (depending  on  where 
the  short  occurs).  The  complicating  factors  made  it  impossible  to  interpret 
the  SP  data  in  the  usual  straightforward  manner. 


Chronology 

8.  The  following  chronology  includes  only  the  major  events  in  the  SP 
monitoring  project: 

a.  9-10  Dec  1983 — Arrays  partially  installed  by  WES  personnel, 
initial  sets  of  SP  readings  taken,  instruction  given  to 
District  personnel; 

b.  1  Feb  1984 — first  complete  set  of  SP  readings  on  Array  1  by  Walla 
Walla  District  personnel;  due  to  theft  of  reference  wire.  Dis¬ 
trict  personnel  were  unable  to  find  the  original  reference 
electrode,  thus  this  set  of  readings  utilized  a  new  reference 
electrode; 

c.  8  Feb  1984 — first  complete  set  of  SP  readings  on  both  arrays  by 
District  personnel; 

d.  14,  29  Feb  and  9  March  1984 — additional  sets  of  SP  readings; 

e.  5  April  1984 — beginning  of  test  filling;  pool  elevation  raised  to 
1191  ft;  pool  elevation  during  period  1  Feb  to  4  April  -1187  ft; 

f.  5,  6,  9,  11,  13,  18,  19,  20,  April  1984 — complete  sets  of  SP 
readings;  pool  elevation  1221  ft  during  final  set  of  SP  readings. 


Results 

Field  Data 

9.  Tables  1  and  2  are  computer  printouts  of  the  Array  1  and  2  data  sets 
respectively.  Some  of  the  data  in  the  tables  represent  averages  of  morning 
and  afternoon  readings  on  the  same  day;  otherwise,  the  data  are  unprocessed. 
Plots  of  the  data  are  included  in  Appendices  B-E.  Appendices  B  and  D  are 
plots  of  SP  values  versus  station  for  given  days  for  Array  1  and  2  respec¬ 
tively;  while  Appendices  C  and  E  are  plots  of  SP  values  versus  time  for 
individual  electrodes  for  Array  1  and  2  respectively. 


Array  Averages  and  Observations 


10.  Figure  2  is  a  summary  plot  of  unprocessed  Array  1  data  for  3  days 
(prior  to  the  test  filling).  The  data  in  Figure  2  illustrate  two  features  of 
the  results:  (1)  the  data  vary  considerably  along  the  length  of  the  array; 

(2)  for  a  given  station,  the  SP  values  vary  with  time.  The  individual  station 
values  vary  by  as  much  as  100  millivolts.  Examination  of  Figure  2  as  well  as 
the  plots  in  Appendices  B  and  D  reveals  that  plots  for  a  given  day  are 
generally  parallel  to  plots  for  other  days  along  the  arrays,  i.e.,  the  average 
value  for  the  arrays  shifts  (e.g.,  a  reference  shift).  Figures  3  and  4  show 


array  averages  versus  time.  Since  the  array  average  versus  time  trend  as  well 
as  the  individual  electrode  versus  time  trends  (Appendices  C  and  E)  are 
qualitatively  similar,  it  seems  that  the  predominant  cause  for  time  variations 
are  reference  level  shifts  which  affect  an  entire  array  similarly.  Thus  the 
array  averages  seem  to  be  good  reference  level  indicators. 

11.  Examination  of  the  plots  in  Figure  2  reveal  3  zones  along  the  dam; 

these  zones  were  also  noted  in  the  original  SP  data  collected  by  WES  personnel 

in  December  1983.  The  zones  are  characterized  by  apparent  changes  in  average 
value  along  the  array;  for  example,  the  average  value  changes  from 
approximately  500  mv  for  Zone  1  to  300  mv  for  Zone  2  to  50  mv  for  Zone  3. 

This  same  pattern  of  zones  is  observed  for  the  array  profiles  during  the  test 
filling,  and  the  array  averages  as  well  as  the  zonal  averages  generally 

decrease  with  time  during  the  test  filling.  Several  features  are  worth  noting 

in  Figure  2:  (1)  the  large  anomaly  at  Station  27+50  of  Array  1  nearly  coin¬ 

cides  with  the  outlet  conduit;  (2)  the  Zone  1/Zone  2  boundary  approximately 
coincides  with  the  dam/abutment  contact;  (3)  the  Zone  2/Zone  3  boundary 
approximately  coincides  with  the  end  of  the  grout  curtain.  Possible  explana¬ 
tions  for  observations  (2)  and  (3)  above  are  that  the  Zone  1/Zone  2  boundary 
is  due  to  a  lateral  change  in  material  type  and  that  the  Zone  2/Zone  3 
boundary  is  due  to  a  lateral  change  in  groundwater  flow  regimes  caused  by  the 
presence  of  the  cutoff  wall  and  grout  curtain. 

Processed  Data 

12.  It  is  clear  that  SP  data  variations  along  the  arrays  and  SP  data 
variations  with  time  preclude  an  effective  straightforward  identification  of 
anomalies.  A  type  of  processing  is  applied  to  the  data  which  attempts  to 
remove  reference  level  shifts  and  isolate  anomalies.  If  V(I,J)  represents  an 
SP  measurement  at  station  J  made  on  day  I  and  V(I,J)  represents  the  array 


average  for  day  I,  then  an  array  average  difference  is  defined  as 


Agj  =  V(B, J)  -  V(I , J) , 


where  V(B,J)  refers  to  the  array  average  for  the  day  chosen  to  be  the  base¬ 
line  or  pre-fill  reference  set  of  SP  array  values.  An  SP  anomaly  profile  for 
one  of  the  arrays  is  then  defined  as 


VBI(J)  =  V(B,J)  -  [ V(I , J)  +  Ab].] 


That  is,  the  profile  for  day  I  is  shifted  by  the  difference  in  array  averages 
(Agj),  and  then  the  shifted  profile  is  subtracted  from  the  reference  profile. 

13.  For  Array  1,  processed  SP  anomaly  plots  were  generated  using  both 
the  pre-test  fill  9  March  data  and  the  5  April  (first  day  of  test  fill)  as 
baseline  profiles.  Figures  5  and  6  contain  summary  plots  of  several  Array  1 
SP  profiles  referenced  to  9  March  and  5  April  respectively.  Figure  7  presents 
anomaly  plots  for  several  Array  2  profiles  referenced  to  the  5  April  profile. 

14.  For  Array  1,  a  second  type  of  processed  anomaly  plot  was  generated. 
Zone  averages,  for  the  three  zones  along  the  array,  were  computed  for  5  April 
and  20  April,  and  an  anomaly  plot  was  produced  using  the  zone  averages  instead 
of  the  array  averages.  Figure  8  is  the  zone  average  anomaly  plot  for  Array  1. 

Interpretation 


15.  In  order  to  interpret  the  SP  anomaly  plots,  a  100  millivolt  threshold 
will  be  used  for  attaching  significance  to  an  anomaly.  This  procedure  may  be 
overly  conservative,  but  at  least  spurious  anomalies  caused  by  time  variations 
or  variations  in  contact  potential  at  individual  electrodes  will  be 
eliminated.  The  100  millivolt  threshold  is  shown  in  Figures  5-8.  Anomalous 
zones  which  exceed  the  threshold  are  indicated  on  the  figures. 

16.  A  qualitative  significance  ranking  for  the  anomalous  zones  is 
adopted.  For  Array  1,  the  ranking  scheme  is  as  follows: 


SP  anomaly  profiles  for  Array  1»  referenced  to  tl.e  4-5-84  data. 
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35+25—35+75 

D 

Anomaly  zone  is  defined  on  only 

one  anomaly  plot 

23+25—23+75 

35+00—38+00 

9. 


Similarly,  the  ranking  scheme  for  Array  2  is: 


Significance  Rank 


Criteria 


Anomaly  Zones 


tao 

c 

•H 

W) 

to 

<D 

in 

O 

tu 

Q 


Anomaly  well  defined  and  monotoni- 
cally  Increases  or  decreases  during 
pool  raise 


Anomaly  "well"  defined 


3+25—3+75 


00+25—00+75 
2+75—3+75 
1 1+25—14+75 


C  Anomaly  "poorly"  defined  6+25 — 6+75 

These  anomaly  zones  are  shown  as  cross-hatched  segments  along  the  two  arrays 
in  Figure  9.  The  interpreted  anomalies  and  associated  significance  ranking 
should  be  utilized  in  conjunction  with  known  geology,  construction  history  and 
details,  and  piezometer  data  in  making  the  final  seepage  assessment. 


Summary  and  Conclusions 

17.  The  following  facts  summarize  the  work  performed  and  documented  in 
this  report: 

a.  Two  self-potential  (SP)  arrays  were  installed  at  Mill  Creek  Dam 
for  monitoring  seepage  during  a  test  filling  of  the  reservoir; 


figure  9.  interpreted  SP  anomalous  zones. 


See  text  for  explanation  of  significance  ranking 


b.  The  field  procedure  involved  installation  of  "permanent" 
electrode  arrays;  ideally  all  that  should  change  during  the 
monitoring  would  be  induced  seepage  under  the  arrays  during  the 
test  filling; 

c.  The  effort  was  plagued  by  continuing  acts  of  vandalism  and 

damage  to  the  arrays  due  to  vehicular  and  foot  traffic; 

d.  A  data  processing  scheme  was  used  to  try  to  detect  SP  anomalies 

in  the  presence  of  reference  level  variations  and  other  data 
variations  caused  by  changing  conditions  of  the  arrays; 

e.  SP  anomalous  zones  are  indicated  on  a  site  map. 

18.  Conclusions  are  presented  with  reference  to  Figure  9.  The  field 
arrays  were  designed  for  a  monitoring  function  during  the  test  fill  and  not  a 
mapping  function,  hence  it  is  not  possible  to  predict  seepage  directions 
unambiguously  from  the  interpreted  SP  anomalous  zones  in  Figure  9.  The  key 
conclusions  are  as  follows: 

a.  Only  two  highly  significant  SP  anomalies  are  interpreted  along 
Array  1,  17+00  to  18+25  and  29+25  to  31+75; 

b.  Two  highly  significant  anomalies  are  interpreted  along  Array  2, 
3+25  to  3+75  and  9+25  to  10+75; 

c.  Array  1  anomaly  29+25  to  31+75  and  Array  2  anomaly  00+25  to 
00+75  occur  in  the  vicinity  of  the  dam/right  abutment  contact; 

d.  The  anomaly  indicated  from  35+00  to  38+00  on  Array  1  is  poorlv 
defined  and  is  the  only  anomalous  zone  from  32+00  to  41+50  oi 
Array  1,  hence  possible  correlation  of  anomalous  zones  on 
Array  2  with  this  section  of  Array  1  is  not  well  justified; 

e.  The  anomaly  from  17+00  to  18+25  of  Array  1  apparently  coincides 
with  an  area  identified  by  District  personnel  as  exhibiting 
anomalous  piezometer  response  and  as  the  most  likely  area  of  a 
"deficiency"  in  the  cutoff  wall. 
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Table  2 

SP  Field  Data  for  Array  2 


Date  of  SP  Reading  (Month/Day) 


2/8 

2/14 

2/29 

4/5 

4/6 
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183 
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117 

80 
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195 
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65 

52 

1+00 
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89 
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115 
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263 
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06 
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39 
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23 

11 
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-31 
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14 

1 
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-210 
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-09 
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-172 
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-245 
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-91 
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16 
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GEOPHYSICAL  METHODS  FOR  SEEPAGE  DETECTION,  MAPPING, 

AND  MONITORING 


Summary 

Seepage  occurs  through,  under  and  around  dams,  levees  and  other  water 
retention  structures.  When  seepage  rates  exceed  the  capacity  of  drain  systems 
or  seepage  occurs  in  an  unexpected  area,  the  integrity  of  the  dam  or  levee  may 
be  threatened.  Geophysical  survey  programs  are  now  being  successfully  used  to 
detect,  map  and  monitor  seepage  paths.  This  report  reviews  the  philosophy  and 
methodology  for  geophysical  studies  for  this  purpose.  Among  the  presently 
available  geophysical  methods,  the  self  potential  method  stands  out  as  an 
extremely  cost  effective  and  versatile  tool  for  seepage  studies.  A  brief  case 
history  illustrates  the  use  of  complementary  surveys  along  a  selected  profile 
line  at  a  dam  to  (1)  locate  and  delineate  a  possible  path  for  seepage  and  then 
to  (2)  detect  an  anomaly  at  that  location  attributable  to  seepage  and  correc¬ 
table  to  reservoir  level. 

Introduction 

Earth  dams  are  expected  to  seep,  and  dam  designs  include  drain  systems  to 
collect  and  discharge  seepage  water  Into  the  downstream  channel.  Sometimes 
seepage  occurs  in  an  unplanned  manner,  however,  exceeding  the  capacity  of  the 
drain  system  or  along  a  path  not  considered  in  the  seepage  design.  The 
unplanned  and  excessive  seepage  may  be  just  unsightly  or  it  may  threaten  the 
integrity  of  the  dam.  For  either  case,  there  is  great  need  for  a  methodology 
to  detect  and  map  seepage  paths. 

Geophysical  methods  applied  to  seepage  problems  generally  attempt  to 
detect  and  map  (1)  an  anomaly  due  to  the  geological  condition  that  provides  a 
seepage  path,  (2)  an  anomaly  due  to  the  relatively  high  water  content  in  soils 
or  rock  along  the  seepage  path,  or  (3)  an  anomaly  due  to  the  seepage  Itself 
(or  some  combination  of  these).  In  the  first  case,  the  path  will  be  an 
anomalous  condition  in  the  dam,  the  foundation,  or  the  abutments  of  the  dam 
such  as  a  fracture  zone  or  solution  channel.  Although  it  is  possible  to  have 
conditions  such  that  seepage  can  occur  over  a  broad  zonal  region,  in  most 
cases  seepage  occurs  initially  along  a  localized,  linear  trending  flow  path 


which  must  cross  the  axis  of  the  dam.  In  the  third  case,  the  seeping  or 
streaming  water  must  generate  a  detectable  anomaly. 

The  three  functions  in  the  title  of  this  paper  refer  to  the  strategy, 
scope  and  objectives  of  the  geophysical  field  program.  Detection  of  seepage 
or  a  seepage  path  refers  to  the  location  of  a  geophysical  anomaly  along  a 
survey  line  which  is  interpreted  to  be  due  to  crossing  a  path  along  which  seep¬ 
age  may  or  may  not  be  currently  occurring.  Of  course  mapping  implies  that  the 
interpreted  seepage  path  is  detected  on  multiple  survey  lines.  Depending  on 
the  type  and  extent  of  the  geophysical  program,  the  seepage  path  may  just  be 
mapped  in  plan  or  estimates  of  the  size  and  depth  of  the  seepage  path  may  also 
be  obtained.  The  monitoring  function  Implies  that  the  geophysical  surveys  are 
conducted  along  the  same  survey  lines  periodically  in  an  attempt  to  detect  and 
map  anomalies  which  reflect  changes  in  the  seepage  quantities  and  rates.  Seep¬ 
age  monitoring  surveys  are  valuable,  for  example,  during  periods  when  there 
are  significant  increases  or  decreases  in  reservoir  pool  level.  The  results 
of  monitoring  surveys  can  generally  be  interpreted  more  unambiguously  than 
one-time  surveys  since  anomalies  are  defined  relative  to  preceding  survey 
results. 

Geophysical  Methodology 

The  geophysical  methods  used  in  seepage  studies  are  familiar:  electrical 
resistivity  sounding  and  profiling;  self  potential  (SP);  seismic  refraction. 
Various  types  of  resistivity  profiling  (including  terrain  EM  surveys)  and  SP 
surveys  are  most  generally  applicable  to  seepage  detection  and  mapping. 
Resistivity  sounding  and  seismic  refraction  surveys  are  used  primarily  in  a 
supporting  role  in  seepage  studies. 

Various  types  of  standard  horizontal  resistivity  profiling  surveys  are 
used  to  detect  and  map  potential  seepage  paths.  The  sense  of  the  anomaly  will 
vary  depending  on  the  nature  of  the  path  and  whether  or  not  seepage  is  occurring 
along  the  path.  Fracture  zones  will  generally  produce  low  resistivity  anomalies 
due  to  serving  as  an  active  seepage  conduit  or  to  the  presence  of  clays  and 
other  weathering  products.  The  resistivity  anomalies  due  to  solution  features 
can  be  negative  or  positive;  water-  or  clay-filled  features  will  produce  nega¬ 
tive  anomalies,  while  air-filled  features  will  produce  positive  anomalies.  If 
multiple  electrode  spacings  are  used  along  a  profile  line,  depth  ranges  can  be 
specified  for  features  causing  the  anomalies,  but  generally  the  objective  of 
horizontal  resistivity  profiling  is  to  map  anomalies  in  plan. 


A  modified  pole-dipole  surveying  technique  can  be  used  ior  locating 
anomalies  in  three-dimensions  and  for  estimating  sizes  of  features  producing 
the  anomalies.  The  modified  pole-dipole  technique  is  actually  a  combined 
sounding-profiling  procedure.  The  technique  has  been  used  quite  successfully 
in  site  investigations  in  karst  regions  but  is  extremely  labor  intensive. 

The  SP  method  measures  natural  electrical  potential  field  differences  at 
the  surface  of  the  earth.  Anomalies  in  the  electrical  field  can  be  generated 
by  conductive  ore  deposits  or  the  flow  of  heat  or  fluids  in  the  subsurface. 

The  SP  method  has  been  used  for  at  least  fifty  years  in  the  USSR  for  geo¬ 
technical  applications,  such  as  seepage  analysis  and  the  study  of  landslide 
processes;  and,  likewise,  the  method  has  been  used  in  the  U.S.  and  Canada  for 
at  least  fifty  years  for  detecting  and  delineating  conductive  ore  deposits. 

Use  of  SP  surveys  for  geotechnical  applications  in  this  country  is  more  recent 
and  may  be  due  to  the  appearance  of  a  number  of  papers  by  Russian  authors  in 
English  language  technical  journals  during  the  period  1968-1972. 

SP  surveys  for  geotechnical  applications  are  typically  fixed  reference 
point  surveys,  where  each  measurement  point  along  a  survey  line  or  grid  is 
relative  to  a  reference  potential  which  is  generally  the  same  for  the  complete 
survey.  The  reference  electrode  is  generally  located  as  far  from  suspected 
seepage  zones  as  possible  and  in  an  area  which  is  "quiet"  electrically.  There 
is  some  disagreement  on  the  validity  of  metal  electrode  surveys;  but  for 
mapping  and  monitoring  surveys,  when  the  metal  electrodes  can  be  emplaced 
prior  to  initiation  of  the  survey,  the  electrodes  can  reach  electrochemical 
equilibrium  and  many  of  the  arguments  against  metal  electrodes  are  obviated. 
Thus,  other  than  metal  electrodes  and  reference  wire,  a  digital  readout  milli- 
voltmeter  with  100  megohm  or  greater  input  impedance  is  all  that  is  needed  for 
an  SP  survey.  Seepage  paths  are  generally  indicated  by  negative  anomalies 
relative  to  the  reference  potential  or  to  a  no-seepage  condition  baseline 
value . 

Thus  the  geophysical  techniques  used  for  seepage  studies  are  familiar  and 
not  difficult  to  conduct.  The  complementary  survey  program  must  be  planned, 
however,  utilizing  knowledge  of  the  surface  geometry  of  the  dam  and  associated 
structures,  the  design  and  construction  details  of  the  dam,  and  the  geology  of 
the  foundation  and  abutments  to  the  maximum  extent  possible.  Also  the  geo¬ 
physical  surveys  must  be  considered  an  integral  part  of  the  overall  seepage 
analysis  by  both  the  geophysicist  and  the  project  engineer.  The  survey  lines 


should  be  keyed  to  the  existing  or  planned  piezometer  network.  Borehole  logs 
near  resistivity  sounding  locations,  seismic  refraction  lines,  or  horizontal 
resistivity  profile  lines  should  be  used  to  constrain  the  interpretation. 

Case  History 

A  complementary  geophysical  survey  program  was  conducted  at  a  dam  in 
Missouri  in  support  of  a  comprehensive  seepage  analysis  of  the  dam.  The  geo¬ 
physical  surveys  were  planned  to  investigate  two  specific  areas  of  concern: 

(a)  in  the  downstream  left  abutment  areas  above  possible  seepage  paths;  and 

(b)  in  the  floodplain  along  the  downstream  toe  of  the  dam  to  investigate  an 
area  where  a  piezometer  boring  encountered  rock  at  70  ft,  compared  to  an 
average  top  of  rock  depth  of  30  ft.  This  brief  case  history  will  concentrate 
on  selected  aspects  of  the  efforts  to  detect  and  map  the  seepage  paths 

(item  a) . 

Figure  1  illustrates  a  portion  of  the  dam  and  left  abutment,  showing  a 
zone  where  seepage  emerges  during  high  reservoir  levels.  Rock  below  the  flood- 
plain  and  abutments  is  a  dolomitic  limestone  which  is  cherty,  intensely  frac¬ 
tured,  and  highly  weathered,  particularly  in  the  abutments.  The  top  of  the 
limestone  is  pinnacled,  and  air-,  water-,  and  clay-filled  cavities  exist  below 
the  rock  surface.  Top  of  rock  is  typically  about  50  ft  below  the  surface  of 
the  smaller  of  the  two  left  abutment  ridges. 

Geophysical  surveys  were  conducted  along  both  the  base  and  crest  of  the 
left  abutment  ridge  as  shown  in  Figure  1.  Results  of  two  types  of  surveys 
along  the  crest  of  the  ridge  are  shown  in  Figures  2  and  3.  The  pole-dipole 
survey  results  are  interpreted  to  identify  low  (L)  and  high  (H)  resistivity 
anomalous  zones  beneath  the  profile  line  (Figure  2).  The  cluster  of  high  and 
low  anomalies  at  the  water  table  below  the  60  to  65  ft  profile  position  in 
Figure  2  is  particularly  significant.  A  possible  interpretation  of  the  anomaly 
cluster  is  a  solution  feature  which  is  partially  air-filled  (H)  and  partially 
water-  and/or  clay-filled  (L) .  A  verification  of  the  interpretation  shown  in 
Figure  2  is  provided  by  a  clay-filled  cavity  intercepted  in  boring  C-23, 
coinciding  with  the  boundary  of  a  low  resistivity  anomaly. 

SP  array  2A,  shown  in  Figure  1,  was  monitored  as  a  function  of  time  during 
both  high  and  low  reservoir  levels.  The  results  of  this  series  of  surveys  are 
shown  in  Figure  3.  The  low  pool  level  surveys  are  very  repeatable,  mainly 
positive,  and  show  only  small  variation  about  a  mean  value  of  ~25  mv.  The 
high  pool  level  surveys  are  less  repeatable,  show  considerably  greater 
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Site  map  showing  seepage  zone  and  the  SP  array  installed  to  map  and  monitor 
seepage  paths;  Figures  A2  And  A3  present  results  of  surveys  conducted  along 
the  smaller  of  the  two  left  abutment  ridges. 


rigure  A3.  Results  of  SP  survey  along  the  left  abutment  during  low  (18-19  June  1981)  and  high 
(28-29  May  1981)  reservoir  levels. 


variability,  and  a  substantial  portion  of  the  survey  line  has  negative  SP 
values  or  is  negative  relative  to  the  low  pool  level  baseline.  The  broad  SP 
anomaly  centered  at  electrodes  5  and  6  coincides  in  location  with  the 
resistivity  anomaly  cluster  discussed  previously,  and  suggests  that  the 
interpreted  air-filled  portion  of  the  cavity  system  may  now  be  an  active 
seepage  path.  The  large  amplitude  SP  anomaly  at  electrode  9  is  beyond  the 
extent  of  the  pole-dipole  survey  line. 

The  results  of  all  the  geophysical  surveys  conducted  at  the  dam  site 
allowed  patterns  and  trends  to  emerge  in  terms  of  probable  seepage  paths,  as 
shown  in  Figure  4,  and  site  geology.  These  trends  are  consistent  with  data 
from  boring  logs  and  water  level  data  from  an  extensive  piezometer  network. 
However,  due  to  the  extremely  complex  spatial  and  temporal  variations  of 
piezometer  data  commonly  associated  with  seepage  through  a  carbonate  rock  with 
extensive  solution  features,  it  is  doubtful  in  general  if  boring  and  piezometer 
data  alone  could  ever  provide  a  seepage  analysis  such  as  shown  in  Figure  4. 
Conclusions 

Geophysical  survey  programs  can  contribute  significantly  to  seepage 
analyses.  Ideally,  complementary  survey  types  should  be  conducted  and  tied  to 
existing  borehole  data  where  possible.  However,  considerable  experience,  such 
as  the  brief  base  history  presented  in  this  paper,  has  shown  that  self  poten¬ 
tial  (SP)  surveys  can  be  utilized  in  a  stand  alone  manner  for  seepage  mapping 
and  monitoring.  Seepage  paths  are  indicated  by  negative  anomalies  relative  to 
a  reference  electrode  placed  in  a  "stable"  area  away  from  the  seepage  zones. 

The  negative  anomalies  can  also  be  relative  to  a  no-seepage  condition  baseline 
SP  survey.  SP  surveys  are  a  very  cost  effective  way  of  delineating  seepage 
paths  in  plan.  The  surveys  can  be  planned  and  the  data  interpreted  by  geo¬ 
physicists,  but  the  data  can  be  collected  by  project  engineers  or  technicians 
from  in-place  arrays  as  a  function  of  time. 


Possible  seepage  paths  based 


